T he need to physically separate similarly sized solutes is a ubiquitous problem in biological research and in the production of biomolecules and other nanoparticles. Compared to resinbased chromatography, membrane separations are simpler, more energy efficient, and more readily scaled between laboratory and industry. 1 Fundamental advances in membrane technology that impact the efficiency of ultrafiltration processes can lower drug and food costs, accelerate the process of discovery in biological laboratories, and enable new devices such as wearable blood dialysis systems. While membrane-based bind and elute strategies such as ion exchange and affinity methods have advanced significantly in recent years, 2Ϫ4 sizeexclusion chromatography, the most robust method for separating similarly sized macromolecules, still has no commonly used membrane analogue. Ideally, a nanoporous membrane could be used as a sieve to precisely fractionate a mixture of nanoparticles forced through the membrane with little dilution or contamination of the filtrate.
Traditional ultrafiltration membranes, made from solvent-casted polymers, have tortuous path, sponge-like, pore structures that limit the resolution of separations. Such membranes are typically used to separate materials that are orders of magnitude different in size in dialysis, solute concentration, and buffer exchanges. The membranes are also micrometers thick and highly porous, giving more than 100 m 2 of internal surface area for every m 2 of frontal surface. 5 High internal surface area leads to flow resistance, sample loss, and clogging in flow-through filtration systems. Experimental thin (ϳ50Ϫ100 nm) tortous path membranes made from cross-linked proteins 6 or polymers 6 have pore size cut-offs appropriate for nanofiltration (Ͻ2 nm) rather than ultrafiltration (2Ϫ50 nm). 7 To create idealized membranes for sizebased separations, technologists have developed nanoporous membranes with welldefined and tunable pore sizes. Aluminum oxide and track-etched membranes are commercially available examples, but the pores in these membranes are too large (Ͼ20 nm) for many biological separations. In addition, these membranes are very thick (6Ϫ10 m) so that transport is too slow for many purification processes. 8 Silicon patterning techniques have been used to create membranes with uniform 10 nm wide pores, 9 but the thickness (4 m) and low porosity (ϳ1%) of these membranes again limit transport. Flow through membranes created from aligned carbon nanotubes (CNTs) has been shown to exceed the predictions of viscous flow theory because of the smooth and hydrophobic walls of CNTs; however, the pore sizes are limited to a small range between 2 and 6 nm that depends on the particular CNT formulation used. Ultrathin silicon membranes (ϳ10 nm) with defined pores (25 nm) were first created using an ion-beam drilling process that is far too slow for scale up. 10 Recently, track-etched technology has been applied to SiN membranes to create 100 nm thick membranes with pore sizes that can be tuned between ϳ10 and 50 nm depending on the time allotted to etching; 11 however, this technique requires access to a cyclotron capable of heavy ion (Bi, Xe) bombardment and thus also faces high volume manufacturing challenges.
Here we examine the pressurized flow and filtration properties of ultrathin porous nanocrystalline silicon (pnc-Si). Pnc-Si is a recently developed material created by crystallizing a thin amorphous silicon film to produce nanometer-sized voids that become throughpores. 12 The membranes are mass-produced on silicon wafers using standard microfabrication tools and processes. Free-standing membranes as thin as 15 nm have been shown to withstand up to an atmosphere of pressure without mechanical failure. Pore distributions exhibit sharp cut-offs that can be tuned between 5 and 80 nm by changing the annealing temperature during fabrication. 12 In contrast to polymer membranes, pnc-Si membranes have ϳ0.1 m 2 of internal surface area for every um 2 of frontal surface. Fast diffusion and molecular separations with pnc-Si have already been demonstrated for small solutes; 12, 13 however, the use of pnc-Si membranes as flow-through filters has not been previously investigated.
RESULTS AND DISCUSSION
We examined the hydraulic permeability of pnc-Si membranes using bucket-style devices resembling those commonly used for concentrating nanomaterials ( Figure 1 ). The devices housed 6.5 mm diameter silicon membrane chips with free-standing membranes over two 2 mm ϫ 0.1 mm windows ( Figure 1A ). Water was forced through the membranes in a centrifuge. Interestingly, the membranes were found to be impermeable to water unless both sides of the membrane were wet (discussed below), so water was also added to the outer test tube to immerse the membrane. The difference in water levels between the inside and outside containers creates a pressure drop across the membrane that diminishes over time ( Figure 1C ). Fluid volumes in both containers were determined by weighing samples at different time points, and the hydraulic permeability was determined by fitting data to a formula that describes the evolution of fluid levels in both containers (see Supporting Information).
We compared water flow rates through pnc-Si to a formula derived by Dagan et al. 14 describing low Reynolds number flow through short pores accounting for entrance, exit, and tube resistances (see Supporting Information). We used custom image processing routines ( Figure S1 ) to determine the distribution of pore sizes in a transmission electron micrograph ( Figure 2A ) and then used the Dagan formula to calculate the predicted water flow through each pore in the micrograph. The theoretical hydraulic permeability for each membrane tested was calculated by summing the flows through the individual pores and dividing by the total area imaged in the micrograph. An example of our analysis is shown in Figure 2 . Figure 2A shows the pore number histogram for a particular membrane, and Figure 2B shows the predicted water flow through each pore in the image. Dagan's formula has been previously validated for micrometer thick membranes with micrometer-sized pores. 15, 16 Here we find agreement between the formula and experiment for pnc-Si (Fig- www.acsnano.org ure 2C), indicating that continuum descriptions of fluids are appropriate for the analysis of flow through these nanometer thick membranes. 16 In Figure 2D , we compare the hydraulic permeability of a pnc-Si membrane with a 12 nm average pore diameter to the permeabilities of carbon nanotube (CNT) membranes reported in the recent literature to give high flow rates. 17Ϫ20 We also compare pnc-Si permeabilities to measurements for commercially available tracketched (TE) membranes assembled into the same centrifuge devices used for pnc-Si hydraulic permeability measurements. Direct comparisons between CNT, TE, and pnc-Si membranes are appropriate given that all three membranes have well-defined through-pores. Advances in manufacturing 21 allowed Yu et al. to create CNT membranes with 3 nm pores and ϳ80% porosity and achieve hydraulic permeability values of 3.3 cm 3 /(cm 2 · min · bar). 20 CNT membranes achieve high hydraulic permeabilities despite being thicker (2Ϫ200 m) and having smaller pores (1Ϫ6 nm) than pnc-Si because the smooth and hydrophobic nanotube walls allow fluids to slip. 19, 22, 23 Unlike CNT membranes, pnc-Si is hydrophilic and the assumption of no-slip, highly viscous flow agrees with measurement ( Figure 2) . Still, the hydraulic permeability we measure for pnc-Si membranes with 1.4% porosity is 7 times higher than the highest porosity CNT membranes. Not surprisingly, we also found that the hydraulic permeability of pnc-Si membranes is Ͼ35-fold higher than 6 m thick, hydrophilic TE membranes with slightly larger pore sizes (30 nm) and a 3-fold lower porosity (ϳ0.5% porosity). Indeed, the hydraulic permeability values we report for 15% porous pnc-Si (ϳ40 mL/(cm 2 · min · bar)) appear to be the highest on record for a nanoporous membrane (pores Ͻ100 nm), exceeding commercial ultrafiltration membranes (ϳ2 mL/(cm 2 · min · bar)), 24 high porosity nanoporous alumina (Ͻ1 mL/(cm 2 · min · bar)), 25 experimental block copolymer membranes (ϳ4 mL/ (cm 2 · min · bar)), 26 and 60 nm thick protein membranes (ϳ15 mL/(cm 2 · min · bar)). 6 In our initial attempts to measure the hydraulic permeability of pnc-Si, we discovered that membranes are impermeable to water when one side of the membrane is left dry (Figure 3) . We explored several strate- Membranes from five wafers (labeled wA through wE) were tested experimentally for hydraulic permeability using the device shown in Figure 1C . Data for each wafer were grouped, and error bars reveal the standard deviations for these groups. The error for the theoretical permeability combines the two independent sources of error: processing error and image variability (see Supporting Information). For each wafer, the average porosity, average pore diameter, and number of contributing membranes are as follows: wA ‫؍‬ 0.7%, 13.6 nm, n ‫؍‬ 4; wB ‫؍‬ 2.2%, 17.0 nm, n ‫؍‬ 2; wC ‫؍‬ 6.6%, 7.4 nm, n ‫؍‬ 6; wD ‫؍‬ 8.8%, 13.7 nm, n ‫؍‬ 6; wE ‫؍‬ 13.5%, 13 gies to overcome water impermeability of the wet/dry configuration, including the use of high pressures (Ͼ1 atm), ozone treatment of membranes to decrease contact angles from ϳ70 to less than 15°( Figure S2 ), and lowering surface tension 2Ϫ3-fold by adding surfactants (0.2 wt % SDS or 0.2 wt % Triton X-100) or using ethanol instead of water. We also switched from centrifuge-generated pressure to a simple pressure cell because we suspected centrifugal forces were quickly removing fluid droplets from the membrane backside and stopping flow. High water permeability was only observed when we immersed the membrane in water throughout the experiment or added a hygroscopic polymer, polyvinylpyrrolidone (PVP), to the membrane backside. The most reasonable explanation for impermeability of the wet/dry arrangements is that water cannot wick through the pores to wet the backside of a membrane. This is somewhat surprising given that capillary forces should easily drive water to fill 15 nm long hydrophilic pores. While we cannot confirm that the hydrophilic contact angles we measure on the top surface of pnc-Si chips also apply to pore walls, the fact that rapid transmembrane diffusion occurs when the membranes are immersed in water 12, 13 does suggest that water has no difficulty entering pores without applied pressure. Thus we suspect that the meniscus in a filled pore cannot advance around the obtuse angles at the pore exit under pressures compatible with pnc-Si membranes. 12 To examine the performance of pnc-Si membranes in size-exclusion separations, we filtered gold nanoparticles in a size ladder ranging between 5 and 30 nm in diameter. To avoid filtrate dilution from the immersing fluid in the centrifuge setup, we used a simple pressure cell for which flow could be initiated by the addition and removal of 5 L of water to the membrane backside. The pressure cell was operated at 10 psi until it passed 100 L of a 200 L starting sample through membrane chips from three different wafers (F, G, H). Absorbance values in the retentate and filtrate were measured to determine concentrations, and these were normalized to the starting concentration to calculate sieving coefficients. Results show that each pnc-Si membrane exhibited a sharp cut-off with negligible transmission of the larger particle and significant transmission (40Ϫ85%) of the smaller particle ( Figure 4A ). Most notably, membranes from wafer F allow more than 80% transmission of 5 nm particles while fully blocking the larger 10 nm nanoparticle ( Figure 4A,B) . Membranes from wafer G also exhibited a resolution of 5 nm, but a cut-off between 10 and 15 nm.
In contrast to pnc-Si, commercially available cellulose (MW cut-offs 3k and 100k) and PES membranes (MW cut-offs 3k, 30k, 50k, 100k) did not pass any nanoparticles between 5 and 30 nm. PES membranes with a reported MW cut-off of 300k did pass nanoparticles in this size range, although passage was clearly hindered as the particle size increased ( Figure 4A ). This result was surprising as the nominal pore size for 300k ultrafiltration membranes is expected to be ϳ18 nm 27, 28 and suggests the presence of a significant number of larger pores or defects in these "high-flux" membranes. We quantified losses by multiplying concentrations in the retentate and filtrate by the recoverable volumes in each compartment and compared this to the amount of starting material. For pnc-Si, losses were within the experimental uncertainty deriving from pipetting and measurement errors (Ͻ5%), while losses were greater than 20% for the 300k PES membranes. Since no detectable quantities of nanoparticles passed into the filtrate and the PES membranes appeared pink after the experiment, the lost particles are presumably embedded in PES membranes. We also performed separation experiments on a protein size ladder containing globular proteins with the exception of a linear myosin control protein ( Figure 4D ). Table 1 lists the unreduced and reduced sizes of the proteins used in the ladder. The unreduced sizes are relevant to the filtration process, while the reduced sizes are the molecular weights of monomers seen on the reducing gels. The results indicate complete retention of myosin and ␤-galactosidase (17 nm) and a nearly undiluted transmission of the carbonic anhydrase (ϳ4 nm). The transition between full transmission and full complete retention takes place between olvalbumin (ϳ6.5 nm) and phosphorylase B (8.3 nm), again suggesting a resolution of better than 5 nm for proteins as with nanoparticles.
Using dynamic light scattering, we confirmed that membranes from wafer G could be used to "purify" 10 nm particles from a mixture of 10 and 15 nm nanoparticles ( Figure 4C ). Filtering a mixture of 10 and 15 nm stock largely recovers the light scattering profile of 10 nm nanoparticles with only a slight shift that presum- Pnc-Si membranes were tested for hydraulic permeability in both a centrifuge and in a constant pressure cell. Membranes that are exposed to water on only side are not permeable to water at experimental pressures (0.1؊1 bar), while membranes wetted on both sides have significant hydraulic permeability. Membranes coated with hygroscopic PVP were permeable to water when exposed to water on only one side. These samples had an initially lower flow rate, resulting in a lower time-averaged hydraulic permeability over the course of the experiment.
www.acsnano.org ably arises from some smaller particles in the 15 nm sample entering the filtrate. It is important to note that each nanoparticle stock is not perfectly monodisperse and that light scattering tends to broaden the distribution relative to the actual size of the nanoparticles. We established this by comparing the sizes of nanoparticles in the 10 and 15 nm stocks as measure by light scattering to the sizes of nanoparticles measured by electron microscopy (Table S1 ). Thus the "purification" of 10 nm particles from the 10 nm/15 nm mixture is implied by fact that the shifted spectrum of the filtered mixture closely resembles the original 10 nm spectrum. High transmission of materials just below a cut-off is not typical of ultrafiltration membranes 7, 29, 30 and may be enabled by the thinness of pnc-Si. Advanced sieving theories 31 demonstrate that diffusion can significantly boost the concentration of filtrate materials for ultrathin membranes compared to purely convective transport. The ratio of transport by convection versus diffusion is known as the Peclet number:
where V is the average solvent velocity in a pore, L is the membrane thickness, and D is the diffusion coefficient of the species being transported. For 15 nm thick pnc-Si, P e ϳ 0.1, assuming a 4 nm monomeric protein (D ϭ 1 ϫ 10 Ϫ6 cm 2 /s) and a transmembrane velocity of 
membrane having a 500 nm thick skin. In practice, hindrance from the membrane will increase Peclet numbers because the resistance to solute diffusion through a pore will be greater than the resistance to solute convection through a pore. 32 We estimate that a 12 nm pore would reduce the diffusion coefficient of a 4 nm protein ϳ6-fold compared to free diffusion and increase P e to ϳ0.7 for pnc-Si and to ϳ20 for conventional membranes. Thus, even after accounting for membrane resistance and despite high velocities within pores, diffusion is a significant contributor for molecularly thin membranes but not for conventional membranes.
The sieving function of pnc-Si is complex and will require more experimentation and advanced modeling to fully understand. For example, the nonlinear dependence of flow rates on pore size ( Figure 2B ) makes the pore distribution effectively tighter and the cut-off sharper than implied by the physical pore size distribution. We illustrate this with a flow histogram in which we calculate the flow rate through each bin in the pore histogram in Figure 2A (see Figure S3 ). This analysis shows that the smallest pores contribute very little to the bulk fluid transport and that the transition from the peak flow rates to the largest pore sizes occurs over ϳ5 nm rather than ϳ10 nm. We expect that the sharpness of this transition, rather than the breadth of the full pore distribution, is what determines the resolution of the membrane in practice. The magnitude of the membrane cut-off is also not predicted from the physical pore distributions in a straightforward way. In the above experiments, gold nanoparticles were filtered in deionized water so that electrostatic repulsion between the negatively charged particles and the negatively charged membranes will reduce the effective pore sizes. In the case of protein filtration, adsorption is an additional factor known to reduce pore sizes by the thickness of a protein monolayer. 12 It is important to emphasize that while manufacturing is currently limited to making small membrane devices, the use of highly scalable semiconductor manufacturing allows large numbers of those devices to be made. The membranes used for the current work were produced on 4 inch wafers that contained more than 80 membrane chips. Continued optimization of manufacturing and chip design since the completion of this work is now resulting in more than 400 similar devices being produced on a 6 inch wafer at less than twice the cost ( Figure S4) . Similarly, while the membranes used in the current work were limited to ϳ1% active membrane area, which is sufficient to characterize the intrinsic properties of the material, advances in manufacturing are now producing membranes with ϳ10% active area, which increases the total volumetric flow to ϳ500 L/min at 1 atm of pressure. Continued advances in manufacturing, including the use of [110] crystalline silicon to allow vertical etches through the support wafer (rather than the [100] silicon currently used), should allow the fraction of chip area occupied by free-standing membrane to increase at least another 4-fold. Since only standard semiconductor manufacturing processes are used in the production of pnc-Si, the volume of wafers produced each day is also highly scalable. Thus, while the prospects for scaled-up manufacturing of many of the nanoengineered membranes appearing in the literature are dim, large-scale manufacturing is very realisitic and partially achieved already for pnc-Si.
The high hydraulic permeability, sharp size discrimination, scalable fabrication, and low loss characteristics of pnc-Si membranes suggest their immediate use in the purification and production of nanoscale materials. For example, the cut-offs demonstrated here (5Ϫ30 nm) can be useful for purifying monomeric proteins from oligomers or for isolating monovalent quantum dots from multivalent dots that induce cross-linking in biological samples. 33 The membranes might also be used for the fractionation of nanoparticles from polydisperse mixtures emerging from batch production. 34 Other membrane-based techniques for high-resolution fractionation of nanoparticles do exist but have important limitations. Hutchison and co-workers purified 1.5 nm gold from a mixture including 3.1 nm gold using commercial ultrafiltration membranes and a diafiltration scheme that resulted in a 15-fold dilution of the smaller species. 35 Dead-end filtration with experimental graft 36 and block 26 copolymer membranes has been shown to provide high-resolution (ϳ5 nm) size discrimination of nanoparticles; however, the pore sizes of these membranes are extremely sensitive to solvent conditions. In contrast, pnc-Si provides high-resolution separations with little dilution of the filtrate and a solvent-independent membrane structure. In a sophisticated process involving buffer and flow optimization, van Reis and colleagues were able to use commercial ultrafiltration membranes in a two-stage, recirculating, tangential flow filtration scheme to separate protein monomers and oligomers with high yield and low dilution. 37 While there is still much to learn about the sieving function of pnc-Si, pnc-Si and other ultrathin membranes hold promise for achieiving similar performance characteristics with simpler filtration schemes.
METHODS
Hydraulic Permeability of Pnc-Si. Custom polypropylene centrifuge housings were designed to hold round formatted silicon chips and were mass-produced by Harbec Inc. (Ontario, NY). Devices were hand assembled by pressing a polypropylene retention ring against a pnc-Si chip and a 5 mm Viton O-ring placed at the base of the housing. The assembled devices and a round-bottom 10 mL test tube were both weighed before the experiment.
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In wet/wet experiments, 500 L of distilled and deionized water was added to both the insert and the test tube. Before inserting the device into the centrifuge tube, a 30 L droplet of water from the tube was added to the backside of the membrane to prevent an air bubble from forming beneath the membrane during immersion. The top of the centrifuge tube was sealed to prevent evaporation, and the tube was placed in a centrifuge and spun for 30Ϫ60 min at 75 rcf. After the experiment was finished, the insert was removed from the test tube. Any remaining water on the backside of the insert was removed and added back into the tube. The tube and insert final weights were subtracted from initial values to determine the volume of water in each. In most experiments, 100Ϫ200 L of deionized water passed through the membrane over the course of 30Ϫ60 min of centrifugation. Control experiments with broken membranes gave hydraulic permeability values at least one order higher than those measured for intact pnc-Si, and control experiments with solid silicon frames detected no leaks.
In order to generate fluid flow without membrane immersion, we treated the membrane backside with polyvinylpyrrolidone (PVP, Sigma Aldrich, St. Louis, MO). Three microliters of 1 mg/mL PVP in methanol (w/v) was pipetted onto the backside of a membrane. The membrane was allowed to dry for a minimum of 2 h under ambient conditions. The membrane was assembled into the pressure cell with 500 L of deionized water in the feed tube. The pressure was held constant at 3 psi for 30 min, and the water on the backside was collected and measured on a balance. Initial flow rates were low, likely due to a delay in the wetting process. This could explain the low calculated hydraulic permeability values for PVP-treated membranes compared to wet/wet format. After these experiments with PVP confirmed that the difficulty with wet/dry configuration was the lack of wetting on the membrane backside, we found that adding and removing droplets of water from the backside without PVP could be used to initiate flow in the pressure cell, although again the flow did not immediately rise to its peak values. For these reasons, we preferred the centrifuge setup for hydraulic permeability studies. On the other hand, the pressure cell provided an advantage for separation studies because it did not require an immersing fluid that results in filtrate dilution. We verified that the flow of DI water through the pnc-Si membranes in the pressure cell was time-independent ( Figure S5 ).
Hydraulic Permeability of Track-Etched Membranes. Commercially available polycarbonate track-etched membranes (Sterlitech) were cut into circular discs with a diameter of 0.70 cm (0.38 cm 2 area) using a custom pressure die. In order to test the hydraulic permeability of these membranes in a centrifuge setup, centrifuge filter units from Millipore (Microcon) were disassembled with slight application of pressure. The regenerated cellulose membranes were replaced with the previously cut polycarbonate track-etched membranes, and the Microcon devices were then reassembled. Centrifugation was performed with the same initial pressures as in the pnc-Si experiments for between 10 and 30 min. Graphs of volume passed through the membrane over time were created, and the hydraulic permeability was calculated from the extrapolated initial slope of these curves.
Membrane Production. Pnc-Si membranes were fabricated as previously described. 12 Briefly, a 1000 Å thermal oxide was grown on both sides of a (100) N-type silicon wafer. The backside of the wafer was patterned using photolithography in order to form an etch mask for the nanocrystalline membranes. After lithography, the front side oxide was removed. A three-layer silicon dioxide (20 nm)/amorphous silicon (15 nm)/silicon dioxide (20 nm) film stack was then deposited onto the bare silicon wafer by RF magnetron sputtering (AJA International, North Scituate, MA). The deposition rates for the silicon dioxide and amorphous silicon layers are well-characterized. 12 Pores were formed by inducing a phase transition in the silicon layer from an amorphous to nanocrystalline state using a rapid thermal annealing process ranging from 850 to 1100°C (Surface Science Integration, El Mirage, AZ). The membrane was released by etching the backside of the silicon wafer with a preferential silicon etchant, ethylenediamine pyrocatechol (EDP). Due to its high silicon to oxide etch selectivity, the EDP etch terminated at the first protective oxide layer in the membrane film stack. Finally, the protective oxide layers were etched with buffered oxide etchant (BOE), thus exposing the porous nanocrystalline silicon membrane. The mask was designed to yield 84 samples per silicon wafer. Each sample contained two 2000 m ϫ 100 m slits with free-standing 15 nm thick pnc-Si membranes.
Electron Microscopy. Plan-view transmission electron microscopy of pnc-Si membranes was performed in bright-field mode at 80 kV using a Hitachi H-7650 transmission electron microscope (TEM). Membranes were formatted on each wafer to be compatible with the TEM specimen holder. Images were acquired with an Olympus Cantega 11 megapixel digital camera.
Pore Image Processing and UV/Ozone Treatments. See legends of Supporting Information Figures S1 and S2 .
Gold Nanoparticle Filtration. Stock solutions (0.01% w/v) of gold nanoparticles (British BioCell International, Cardiff, UK) were diluted 1:1 with ddH 2 O. Two hundred microliters of diluted gold was placed in assembled plastic housings with pnc-Si membranes and pressurized to 10 psi using a pressure cell described above. Pressure was maintained until approximately one-half of the volume passed through the membranes (typically 5Ϫ15 min). The retentate and filtrate solutions were recovered and weighed to determine total volume recovery, which was typically 198 L. The retentate solution was pipetted up and down against the membrane five times to maximize recovery of gold that had settled against the membrane. The peak absorbance between 500 and 550 nm of the retentate and filtrate was measured on a NanoQuant plate using a Tecan plate reader (Tecan Group, Männedorf, Switzerland) and compared to stock solution peak values. Using the volume and concentrations of the retentate and filtrate, percent nanoparticle recovery was calculated.
To perform a separation of 10 and 15 nm gold ( Figure 4C ), equal parts of stock solutions were mixed without ddH 2 O dilution.
Pall Nanosep filtration devices with PES membranes (Pall, Port Washington, NY) were tested in our pressure cell using a similar approach. Two hundred microliters of diluted gold was pressurized at 10 psi until approximately one-half of the volume passed through the filter. Like with pnc-Si membranes, the retentate solution was recovered by pipetting up and down against the membrane five times to maximize recovery. In most cases, a light pink color remained in the membrane even after vigorous pipetting, likely accounting for the reduced recovery percentages compared to pnc-Si.
Millipore Microcon filtration devices with cellulose membranes (Millipore, Billerica, MA) were also tested, but since Millipore devices could not easily be adapted to our pressure cell, separation experiments were performed in a fixed rotor centrifuge at 14 000 rcf according to manufacturer's instructions. All of the cellulose membranes tested (3k, 30k, 50k, and 100k rated molecular weight cut-off) retained all of the gold species.
Protein Separations. One hundred microliters of a 1 mg/mL total protein mixture containing myosin, ␤-galactosidase, phosphorylase B, albumin, ovalbumin, and carbonic anhydrase in PBS was loaded into the plastic housing and pressurized at 2 psi for 40 min. The backside of the membrane was prewet with 10 L of PBS to initiate flow. Ten microliters of the filtrate was removed from the backside of the membrane and prepared for SDSϪPAGE along with the starting solution and remaining feed solution (retentate). Silver stain was used to visualize proteins on the completed gels. The molecular weight and other physical properties of the proteins are given in Table 1 . Note that the MW of the nonreduced (intact) molecules being filtered is different than the MW shown on the reducing gel in Figure 4D . Sizes are approximate based on crystal dimensions with the exception of myosin, which is taken from EM data.
Supporting Information Available: Analysis of hydraulic permeability in wet/wet configurations; estimates of uncertainty in predicting hydraulic permeability; supplemental figures explaining pore processing and UV/ozone treatments; supplemental figure showing progress on scaled-up manufacturing of pnc-Si membranes; supplemental figure showing time water flow through pnc-Si chips is not time dependent; table of nanoparticle sizes determined by transmission electron microscopy and dynamic light scattering. This material is available free of charge via the Internet at http://pubs.acs.org.
As founders of SiMPore Inc., J.L.M., T.R.G., P.M.F., and C.S.S. declare a competing financial interest in this work. For cases such as pnc-Si where the active membrane material does not span the entire cross section interior cup, the formula above must be multiplied by the additional factor of Acup/Am, where Am is the active membrane area. The active membrane area of chips used was estimated by light microscopy and a typical value was 0.0032 cm 2 . The cup area and annulus areas were 0.394 cm 2 and 0.925 cm 2 respectively. Note that the use of active area in hydraulic permeability calculations rather than total chip area is appropriate to determine the intrinsic behavior of the nanomaterial and avoid device-dependent values.
Supplemental Methods and Figures
This was also the approach for example, taken by Holt et al. Science, 2006 (1) to calculate the hydraulic permeability of CNT membranes created as small active areas on otherwise impermeable silicon chips. Expanding the amount of active area on pnc-Si chips is an engineering challenge that is being met with steady improvements in etching, patterning, and deposition processes. Figure S3d shows the results of some of these improvements have led to new chip designs that have 10 times more active area than the device shown in Figure 1c .
The Dagan equation (2) for flow through short pores used to predict flow through pnc-Si is given by:
where r is the average pore radius, ∆ ∆ ∆ ∆P is the pressure drop across the membrane, l is the membrane thickness and µ µ µ µ is the solution viscosity. This equation becomes the familiar
Hagen-Poiseuille equation in the limit that l/r becomes large.
Estimate of uncertainty in predicted hydraulic permeability
Predictions of hydraulic permeability through pnc-Si membranes derived some uncertainty from the use of pore distributions from TEM images of actual membranes in calculations.
There were two main sources of error in these calculations. First, the identification of pores in the pore image processor program varied slightly between users. Second, images only capture a small section of the membrane and so the histograms for individual fields on the same membrane varied to some degree. Calling these uncertainties σuser and σmembrane respectively, and assuming they are independent contributors to the overall uncertainty, σall , we can write (σall) 2 = (σuser) 2 + (σmembrane) 2 . We developed systematic tests to estimate each of these uncertainties and determine σall for Figure 2d We first perform background correction by subtracting the average value from a local region of defined size from each pixel. We use a local region that is bigger than the size of the pores, but smaller compared to any light variations in the background. (B) The image is transformed into a black and white image using a threshold value. The threshold value is chosen so that most pore pixels have an intensity value higher than the threshold and background pixels mostly fall below. Values higher than the threshold are white in the new binary image, and those below the threshold are black. Combinations of binary operations are then used to remove artifacts and better define pores in the image before finding the final statistics. An erode operation is used to shrink white areas within neighboring black areas, and a dilate operation is used to grow white areas. Erosions followed by dilations can remove noise and small artifacts from the image while retaining pores. Dilations followed by erosions can be used to fill in pores with inner regions below the threshold. The selection of these operations will vary depending on the image, and leads to user-to-user variability which we have quantified. (C) Pore edges are identified and pore statistics, including diameters, pore areas, and porosity, are found. (D) Pore distributions are typically found by plotting the contributed area for each pore diameter. Average diameter and porosity are indicated above the plot. The pore image processing routines are freely available at http://nanomembranes.org/resources/software/ Figure S2 : UV Ozone Treatment increases membrane hydrophilicity. In the effort to develop wet/dry hydraulic permeability we treated pnc-Si membranes with Novascan PSD-UVT UV/ozone system. Membranes were exposed to three minutes of oxygen at 50°C
followed by three minutes of UV treatment at 50°C. The membranes were undisturbed in the chamber for 15 more minutes to allow the ozone react with the samples. Both figures show 3 uL droplets of DI water. The fluid is so flat on the treated sample that it is hard to discern, except for the disturbance of the water layer caused by a small piece of debris. 
